Electrical properties of stacking faults and bounding partial dislocations in 4H-SiC Schottky diode were investigated by using electron-beam-induced current ͑EBIC͒ and cathodoluminescence ͑CL͒ techniques. EBIC images show that basal plane dislocation is easily dissociated into two partial dislocations ͓Si ͑g͒ 30°and C ͑g͒ 30°partials͔, with a stacking fault between them. The EBIC contrast of C ͑g͒ 30°partial is always several percent higher than that of Si ͑g͒ 30°partial. The stacking fault is brighter than the background, having the negative EBIC contrast. CL spectrum shows that a new peak ͑417 nm͒ appears at stacking fault position. The origin of bright stacking fault in EBIC image is discussed according to its quantum-well state. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2960339͔
Silicon carbide ͑SiC͒ is a wide band gap semiconductor suited for applications in high-power, high-temperature, and high-frequency electronics. Micropipes, which are the aggregate of screw dislocations, have been regarded as the most detrimental defects for device performance. Due to the improvement of crystal growth, micropipe-free SiC wafers are available now. Recently, however, a degradation phenomenon, i.e., an increase in forward voltage drop, has been found in p-i-n diodes under the forward bias operation. It is found that this degradation is associated with the expansion of stacking faults ͑SFs͒ in the active regions of the diodes.
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For 4H-SiC, 8°off-cut ͑0001͒ wafers are generally used to fabricate the devices, in order to keep the stacking sequence of 4H. 3 Due to the 8°off-cut angle, it is inevitable to introduce a certain number of dislocations in the basal plane, which are called basal plane dislocations ͑BPDs͒. Those dislocations are easily dissociated into two partial dislocations, with a SF between them. The Burgers vector reaction is
The created SF is believed to degrade the devices, which becomes the next big issue to investigate. Schottky diodes have very simple structures ͑only n-type layer in this work͒, thus it is more suitable to study the intrinsic electrical properties of the SF and bounding partial dislocations. Electron-beam-induced current ͑EBIC͒ technique has been widely adopted to study the electrical activities of extended defects in semiconductors. 4, 5 Standard EBIC system is integrated in a scanning electron microscope ͑SEM͒, therefore it has an advantage to realize the in situ investigation of the creation and development of SFs in SiC, where the energy is provided by electron-beam irradiation.
In this work, the electrical activities of the SF and bounding partial dislocations in 4H-SiC Schottky diode were studied by using EBIC and cathodoluminescence ͑CL͒ techniques. The origin of the bright SF in EBIC image was discussed according to its quantum-well state.
A n − 4H-SiC epitaxial layer with N doping was grown on a commercially available n + -type 4H-SiC ͑0001͒ off-cut substrate oriented 8°toward the ͗1120͘ direction by chemical vapor deposition. The doping concentration and thickness of the epilayer were 1.8ϫ 10 16 cm −3 and 6 m. A Schottky contact ͑indium tin oxide, 100 nm thick͒ and Ohmic contact ͑Al, 200 nm͒ were formed on the epilayer and substrate, respectively.
Dissociation of BPDs in the epilayer was observed by EBIC and CL modes of a SEM ͑Hitachi S4200-SE͒. 6 The energy and current of electron beam were 20 kV and 8 nA, respectively. EBIC contrast of a defect is defined by,
where I 0 and I d are the EBIC currents at the background and at a defect, respectively. Figure 1 shows the EBIC images that depict the dissociation of a BPD under electron-beam irradiation. In the initial state, there is a dark line and a dark dot ͑marked "A"͒ in Fig. 1͑a͒ . The dark line corresponds to a BPD ͑identified by x-ray topography and KOH etching 7 ͒ with dislocation line toward the ͗1120͘ in the ͑0001͒ plane ͑8°off cut with respect to the surface͒. The BPD intersects the surface at the right end. The dark dot is related to a threading dislocation ͑TD͒ with dislocation line nearly perpendicular to the surface. The EBIC contrasts of the BPD and TD are ͑33Ϯ 3͒% and ͑13Ϯ 2͒%, respectively. The possible reasons for higher EBIC contrast of BPD were discussed in a previous paper.
was dissociated into two partial dislocations. A SF was formed between these two partials. It is noticed that one partial dislocation stays at the same position, whereas the other one moves during the irradiation, resulting in the expansion of the SF. According to the previous publications, 8, 9 the leading partial has a Si ͑g͒ core, while the trailing one has a C ͑g͒ core. The schematic diagram of the partials is shown in the illustration in Fig. 1͑b͒ . Si ͑g͒ 30°and C ͑g͒ 30°partials are connected by a Si ͑g͒ 90°partial. The EBIC contrasts of Si ͑g͒ 30°and C ͑g͒ 30°partials are ͑19Ϯ 2͒% and ͑23Ϯ 2͒%, which are much lower than that of the BPD ͑the absolute contrast values vary with different specimen, but the tendency is the same͒. Fig. 1͑c͒ presents the final state of the dissociation of BPD under electron-beam irradiation for 100 min. The Si ͑g͒ 90°partial dislocation is clearly observed and becomes longer due to the continuous drag of the moving Si ͑g͒ 30°p
artial which finally appears as a very short segment ͑marked "B"͒.
The BPD is easily dissociated into Si ͑g͒ 30°and C ͑g͒ 30°p artials under the electron-beam irradiation, which confirms that 4H-SiC has low SF energy ͓ϳ15 mJ/ m 2 ͑Ref. 10͒, compared to Si ϳ55 mJ/ m 2 ͑Ref. 11͔͒. As for two types of partials, only Si ͑g͒ 30°partial is mobile, which causes the expansion of the SF. The rapid expansion of SF is commonly believed due to the recombination-enhanced dislocation glide, 12 where the glide activation energy is substantially lowered ͓i.e., from 2.5 eV ͑Ref. 8͒ to 0.27 eV ͑Ref. 13͔͒ by energy gain from nonradiative recombination at the dislocation core. However, C ͑g͒ 30°partial does not move. The immobility of C ͑g͒ 30°partial may be explained by the strong pinning effect by N atoms. 14 The different EBIC contrasts between BPD and two partials are considered in terms of the number of their recombination centers. Generally speaking, there exist a certain number of recombination centers at dislocation cores. The more the number, the higher the EBIC contrast. Due to the dissociation, the total recombination centers at the BPD are divided by the Si ͑g͒ 30°and C ͑g͒ 30°partials. Hence, each partial has fewer recombination centers than the BPD. As a result, the EBIC contrasts of those partials become smaller than that of the BPD.
As for the partial dislocations, the EBIC contrast of C ͑g͒ 30°partial ͑trailing partial͒ is higher than that of Si ͑g͒ 30°p artial ͑leading partial͒, showing that C ͑g͒ 30°partial has stronger recombination activity. Two reasons may be possible for its stronger recombination activity. As showed before, N atoms may segregate at the core of C ͑g͒ 30°partial. Such segregation may introduce a new deep level in the energy band, which enhances the carrier recombination. Alternatively, the segregation of N atoms may pin the dislocation motion, resulting in the zig-zag shape of C ͑g͒ 30°partial. 9 Such zig-zag dislocation may act as stronger recombination centers.
In EBIC, a defect generally has darker contrast than the background due to the carrier recombination. However, it should be highlighted that the SF region is brighter than the background in this work ͓Figs. 1͑b͒ and 1͑c͔͒. To emphasize the contrast, a three-dimensional EBIC contrast profile is shown in Fig. 2 ͓correspond to Fig. 1͑c͔͒ . The red region is related to the bright SF, of which width d is about 20 m. The bright SF suggests that the EBIC current at the SF is larger than that at the background. According to the contrast definition ͓Eq. ͑2͔͒, the EBIC contrast of the SF is negative, i.e., about −4%. One possible reason for this bright SF is due to the depletion of impurities at the vicinity of SF. This may be caused by the impurity gettering of moving Si ͑g͒ 30°par-tial. However, such gettering mechanism is less possible be- 
cause of the following reasons. The EBIC contrast of Si ͑g͒ 30°partial always keep the same during its motion, while it should change if Si ͑g͒ 30°partial getters electrically active impurities. On the other hand, the impurity diffusion is low in SiC at room temperature at which the dissociation of BPD takes place. The new reasons for the bright SF will be discussed with the CL results. Figure 3 shows a CL spectrum and a monochromatic image of the SF. At the background ͑outside SF͒, two main peaks are located at 385 and 521 nm, respectively ͓Fig. 3͑a͔͒. The former ͑3.22 eV͒ corresponds to the band-edge emission of 4H-SiC, whereas the latter ͑green luminescence, 2.38 eV͒ is presumably attributed to B-related emission. 15 However, a new band appears at the SF position with the maximum at 417 nm ͑2.97 eV͒. Figure 3͑b͒ shows the monochromatic CL image at wavelength of 417 nm ͑after 30 min irradiation͒. The positions of C ͑g͒ 30°and Si ͑g͒ 30°partials are denoted as C and S here. The bright region ͑trapezoid shape͒ corresponds to the SF, which suggests that the 417 nm emission is related to the SF. The energy difference between band-edge emission and the SF equals to 0.25 eV. Using ab initio calculations, Iwata et al. 16 found that when a single SF exists, one single band splits off from the conduction band to an energy 0.22 eV below the conduction band minimum. By comparison between experimental data and theoretical calculations, it is reasonable to think that SF introduces a natural quantum-well state which is 0.25 eV lower than the conduction band edge. Thus, SF may effectively capture the electrons from the conduction band, and emit the CL. By this way, the SF becomes bright in the CL image at wavelength of 417 nm.
Using this quantum-well state, we present a model that explains the bright SF in the EBIC images, as shown in Fig.  4 . This figure is a cross-sectional structure of the Schottky diode. The SF lies in the basal plane, which is 8°off to the surface. In EBIC, minority carriers generated by an electron beam are collected as the EBIC signals, i.e., holes in this work. The electron density at equilibrium state in the matrix is represented as n 0 . During the electron-beam irradiation, electron-hole ͑e-h͒ pairs are generated in a local volume. In 20 kV, the radius of this generation volume is about 1.8 m. 17 The densities of generated electrons and holes in the volume are ⌬n and ⌬p, where ⌬n = ⌬p. When the beam irradiates the background, the total electron density in the volume becomes n 0 + ⌬n. At the SF, however, considerable fraction of generated electrons is captured by the SF due to its quantum-well state. Those electrons diffuse away along the SF. Thus, the electron density in the generation volume decreases to n 0 + ⌬n − ␦ n , where ␦ n is the electron density that diffuses away. Due to this reduction, the lifetime of holes in the volume increases. As a result, the collected EBIC current at SF is higher than that at the background, resulting in the brighter SF.
In summary, the electrical properties of partial dislocations and SF in 4H-SiC Schottky diode were studied by using EBIC and CL techniques. The different EBIC contrasts between BPD and two partials suggested that the electrically active sites in BPD were divided by two partials. It was found that the SF was brighter than the background in both EBIC and CL images. The bright contrast of SF in EBIC images was explained with the increase of hole lifetime due to the electron dissipation along the SF plane. 
